Once considered as lacking intrinsic immune mechanisms, the CNS of vertebrates is now known to be capable of mounting its own innate immune response. Interestingly, while invertebrates have been very useful in the interpretation of general vertebrate innate immunity mechanisms, only scarce data are available on the immune response of nervous tissue within this group. This study provides new data on the innate immune response of medicinal leech Hirudo medicinalis CNS. We identified several spots in 2-D gels of leech CNS proteins that showed specific changes following bacterial challenge, thus demonstrating the ability of the leech nervous system to mount a response to an immune stress. Protein identifications were based on comparison of sequence data with publicly available databases and a recently established leech ESTs database. The broad nature of the identified proteins suggests a clear involvement of cytoskeletal rearrangements, endoplasmic reticulum stress, modulation of synaptic activity and calcium mobilization, all during the first 24 hours of this response. Moreover, several of these proteins are specifically expressed in glial cells, suggesting an important role for glial cells in the immune response of the leech nervous system, similar to what has been observed in vertebrates.
Once considered as lacking intrinsic immune mechanisms, the CNS of vertebrates is now known to be capable of mounting its own innate immune response. Interestingly, while invertebrates have been very useful in the interpretation of general vertebrate innate immunity mechanisms, only scarce data are available on the immune response of nervous tissue within this group. This study provides new data on the innate immune response of medicinal leech Hirudo medicinalis CNS. We identified several spots in 2-D gels of leech CNS proteins that showed specific changes following bacterial challenge, thus demonstrating the ability of the leech nervous system to mount a response to an immune stress. Protein identifications were based on comparison of sequence data with publicly available databases and a recently established leech ESTs database. The broad nature of the identified proteins suggests a clear involvement of cytoskeletal rearrangements, endoplasmic reticulum stress, modulation of synaptic activity and calcium mobilization, all during the first 24 hours of this response. Moreover, several of these proteins are specifically expressed in glial cells, suggesting an important role for glial cells in the immune response of the leech nervous system, similar to what has been observed in vertebrates.
Introduction
Invertebrates, because of their relative simplicity and accessibility, are very useful and broadly applicable models for the detailed analysis of multiparametric mechanisms underlying the physiology of tissues, organs and whole organisms. In many instances, studies in invertebrates have thrown light on complex mechanisms not well understood and difficult to study in vertebrates. Indeed, studies of immune mechanisms in invertebrates have yielded information critical to the understanding of innate immunity in both invertebrates and vertebrates [1, 2] . For example, insects have played a seminal role through the initial characterization in Drosophila melanogaster of toll receptors and their signalling pathways via transcription factors of the rel family [3, 4] prior to the characterization of similar vertebrates factors [5, 6] . With respect to the invertebrate nervous system, however, little is known at the present time about its immune responses. Among the few reported examples are the recent studies by Pujol et al. [7] , who have reported the involvement of the tol-1 gene, expressed in pharyngeal neurons and homologous to toll genes of D. melanogaster, in the pathogen avoidance behavior of the nematode Caenorhabditis elegans. In the case of Aplysia californica long-term hyperexcitability of sensory neurons has been shown to be induced by lipopolysaccharides and inflammation [8] , and a role for nitric oxide in the nervous system of the immune-stressed Planorbarius corneus has been suggested by the increased expression of nitric oxide synthase induced upon lipopolysaccharide challenge [9] . Nevertheless, much needs to be done before a comprehensive understanding of innate immunity in the invertebrate nervous system is achieved.
In this context, we recently began to explore the responses of the leech CNS to bacterial challenge [10] . The medicinal leech Hirudo medicinalis, a member of the Lophotrochozoan family, has been intensively studied since the XIX century [11, 12] . Its ventral CNS has been studied in great detail, and many of the ,400 neurons per segmental ganglion, have been morphologically and physiologically characterized [13] . The development of the nervous system is also well documented [14] , as is its capacity to regenerate accurate and functional synaptic connections after nerve damage [15] [16] [17] . Because so much is already known about the properties of the normal embryonic and adult CNS, the medicinal leech is recognized as an important model system in neurobiology and hence is also an excellent system for the investigation of the mechanisms underlying the neuronal response to bacterial challenge.
In this study, we used a 2-D-SDS-PAGE-based proteomic analysis to investigate the response of the CNS of H. medicinalis to an immune challenge. As a consequence of bacterial exposure, we detected significant changes in the representation of several proteins in the leech nervous system. While only sparse genomic data is available for the leech in public databases, we were able to use a recently established leech ESTs database to identify most of the modulated proteins using MS tools. To our knowledge, this is the first report of a global analysis of the innate immune response specifically within the nervous system in invertebrates.
Materials and methods

Animals
Adult H. medicinalis specimens were obtained from Ricarimpex (Eysines, France) and kept in artificial pond water for acclimatization for at least one week prior to experimental use.
2-DE
H. medicinalis CNSs were dissected out in leech Ringer (115 mM NaCl, 1.8 mM CaCl 2 , 4 mM KCl, 10 mM Tris maleate, pH 7.4) and bathed ex vivo in PBS-based medium with (septic conditions) or without (control conditions) 2610 8 bacteria from a cocktail of Gram-positive and -negative bacteria (Escherichia coli/Micrococcus luteus) for 1, 6, 12 or 24 h before being frozen in liquid nitrogen. To avoid inter-individual variations, each gel was prepared from a batch of ten control or ten experimental nerve chains receiving the same treatment. Four gels were then prepared for each condition, from four different batches of nerve chains, according to the 2-DE protocol previously described [10] . Briefly, protein extractions consisted of freezing/defrosting cycles, ultrasonic extraction, TCA/acetone precipitation and resuspension in lysis buffer (9.5 M urea, 2% Triton X-100, 65 mM b-mercaptoethanol, 1.25% SDS) [18] . The protein concentration of each sample was determined using the Peterson method [19] . IEF for the 2-DE was performed using the IEFCell system (Biorad). Immobilized pH 3-10 linear gradient strips were rehydrated in a reswelling solution containing 9 M urea, 2% Triton X-100, 10 mM DTT, 0.2% v/v Bio-lyte (pH 3-10 : pH 5-8 : pH 7-9, 1:1:2, Biorad) and extracted leech nervous system proteins. After rehydration, IEF voltage was raised gradually to 8000 V and gels were run at 207C until reaching 180 000 V?h. After focusing, proteins were reduced and subsequently carbamidomethylated with 130 mM DTT and with 135 mM iodoacetamide, respectively, in 6 M urea, 375 mM Tris-HCl, 2% SDS, 20% glycerol, 0.02% CBB, pH 8.8 [20] . Second dimensions were run on 12% polyacrylamide/0.8% piperazine diacrylamide in Tris/Tricine buffer as described by Schägger and von Jagow [21] . After electrophoresis, gels were silver stained according to a modified protocol of Morrissey [22] or CBB stained according to Neuhoff [23] .
2-D gel image analysis
Four silver-stained gels per condition were analyzed using the Progenesis ™ v1.5 software program (Nonlinear Dynamics, Newcastle upon Tyne, UK). The analysis protocol included spot detection and filtering, whole image warping on a reference gel, background subtraction, average gel creation and spot matching. Each analysis step was manually validated. In creating the gel average, one spot absence in the gel series was allowed. To minimize intergel staining variation due to silver staining, a final volume normalization step against the total volume of all protein spots present in the gel was performed. Statistical analyses were performed using GraphPad Instat version 3.0 (GraphPad software) for an ANOVA test across the kinetic of stimulation (p values of less than 0.05 were considered significant). Only statistically significant changes in spot representation with a 1.4 factor or higher were analyzed further.
Edman degradation
Spots were excised and eluted as described by Shaw [24] from CBB stained 2-DE. NH 2 -terminal amino-acid sequencing was performed on a pulse-liquid automatic peptide Perkin Elmer/Applied Biosystems Procise cLC-492 microsequencer.
trypsin, Promega, at 0.02 mg/mL in 25 mM ammonium bicarbonate) was performed overnight at 307C. Peptides were extracted twice for 15 min with 50% ACN/1% TFA. Trypsin digests were then lyophilized and resuspended in 5 mL of 0.1% TFA.
MALDI-TOF MS analysis
MALDI-TOF MS analysis of trypsin digests was performed on a Voyager DE Pro (Applied Biosystems) in reflector mode as described elsewhere [10] . Protein database searching was performed using MS-Fit (http://prospector.ucsf.edu/ ucsfhtml4.0/msfit.htm) according to the monoisotopic molecular weight of [M1H] 1 peptides ions.
NanoESI-q-TOF MS analysis
After desalting the samples on a C18 Zip-Tip (Millipore, Bedford, MA, USA), trypsin digests were loaded into nanoES capillaries (Protana, Odense, Denmark). The capillaries were inserted into an Applied Biosystems Q-STAR Pulsar (Q-TOF-MS) using an ion spray source. Doubly charged peptides were selected, fragmented by N 2 collision and analyzed by nanoESI-q-TOF. Peptides sequences were manually assigned and sequences with a minimum of five consecutive residues were searched against both eukaryotic and prokaryotic sequence data from available databases using MSblast software (http://dove.embl-heidelberg.de/Blast2/ msblast.html) as described previously [25] , the significance of the hits were defined according to Altschul et al. [26] and against a H. medicinalis EST (whole embryo and adult CNS) database that is currently under construction by our laboratories (http://leechmaster.ucsd.edu/).
Western blot
Western blot were performed from 2-D gels loaded with 1 mg of proteins prepared as described above. Proteins were then transferred to a PVDF membrane in a 3-cyclohexamino-1-propanesulfonic acid buffer (10 mM, pH 11) containing 10% of methanol according to a modified protocol of Matsudaira [27] . Membranes were treated with 5% skimmed milk in PBS prior probing with polyclonal anti-neurohemerythrin antiserum (1:5000 dilution, [10] ), in 5% skimmed mild in PBS-0.5% Tween-20 overnight at 47C. Membranes were then washed and incubated with goat anti-rabbit secondary antibody conjugated to HRP (1:10000 dilution, Jackson). After extensive washes, the peroxidase activity on the membrane was detected by chemiluminescence (GE Healthcare).
Results
In this study, we examined the molecular responses of the leech CNS to bacterial challenge by comparing electrophoretic profiles of ganglionic chains incubated in PBS-based medium with or without bacteria for different periods of time. A representative 2-D gel of extracted leech nerve cord proteins is shown in Fig. 1 Figs. 1 and 2 ). Edman degradation and MS tools were used to identify the modulated proteins. Although we tried to obtain the terminal sequence for each modulated spot by Edman degradation, only one sequence was obtained (GFEIPEPYVWDE for the spot 2802). This might be due either to low recovery of proteins from the gel or to non-accessible NH 2 -terminal residues preventing proteins from being sequenced at the NH 2 -terminal. Because of the paucity of genomic data for H. medicinalis, a MALDI-TOF analysis of tryptic digests was not sufficient to identify leech proteins. Consequently, sequences or tags were obtained by nanoESI-q-TOF (Supplementary table) , and were compared with publicly available databases using MSblast software (http://dove.embl-heidelberg.de/Blast2/ msblast.html) and with a H. medicinalis EST database (http:// leechmaster.ucsd.edu/). We identified nine proteins among the 15 represented differentially (see Table 1 , supplementary Fig. 1, and Fig. 3 ). Identified proteins belong to very diverse families of proteins, including cytoskeletal proteins, ER stress proteins, proteins involved in metabolic pathways, a calcium-binding protein, and an iron oxygen-binding protein. After a period of immune challenge as short as one hour, we detected the modulation of cytoskeletal proteins. Indeed, sequences obtained for the spot 1528, which is significantly modulated up and down during the 24 h time-course of the experiments (Table 1) , allowed us to isolate a clone from the leech EST database showing 77% identity with Haliotis asinina tropomyosin (Supplemental Fig. 2 ). In addition, peptide sequences obtained from spot 1759 (upregulated after 1 h of bacterial exposure) are specific to gliarin, a protein previously described in H. medicinalis glial cells [28] . These proteins are representatives of two of the three types of cytoskeletal filaments, microfilaments and intermediate filaments, respectively [28] [29] [30] .
Spot 2220, up-regulated after 6 h of bacterial exposure, was identified as an ER stress protein of the cyclophylin family, a group of enzymes possessing, in addition to peptidyl-prolyl cis-trans isomerase activity, foldase and chaperone activities [31] . This protein has been tightly tied to the immune response, as some immunosuppressive drugs, such as cyclosporine A and FK506, act by forming a tertiary complex with the cyclophilin and the calcium/calmodulin-dependent protein phosphatase calcineurin [32, 33] . Another foldase was identified among modulated spots, a protein of the protein disulphide isomerase (PDI) family (spot 1049), which was up-regulated after 24 h of bacterial exposure. This enzyme is known to possess foldase and chaperone activities that could be involved in the modulation and maintenance of the tertiary structure of other proteins [31] .
The comparative analysis of our 2-D gels also allowed us to detect changes in spot 1749. This spot was present in bacteria-stimulated nerve cords and absent in control nerve cords after 1 h of incubation, a pattern opposite to that observed after 24 h of stimulation. A sequence obtained from this spot contains an EF-hand domain (DGEL'VL'DEFZK, where L' represents an I or a L and Z a Q or a K to be compared to the consensus sequence F(X) 3 DXDXDGXI(X) 3 EF (CDD pfam00036.11). The same sequence allowed us to isolate a clone from the leech EST database. The overall sequence of that clone showed high homologies with the neuronal calcium sensor (NCS)-2 of C. elegans and with the neurocalcin of D. melanogaster (Supplemental Fig. 3) .
Also modulated along the time-course of septic challenge are enzymes involved in metabolic pathways. These enzymes are represented by spot 1164 (up-regulated after 1 h of sepsis) identified as the b subunit of an ATP synthase (Fig. 3) , a component of the basic mitochondrial machinery responsible for energy production [34] , and by spot 1155 (downregulated after 6 and 24 h of sepsis), identified as an aminoacyl dehydrogenase, an enzyme involved in amino acid metabolism. Besides these two proteins, sequence data obtained for spot 1585 (first down-then up-regulated after 1 and 6 h of stimulation, respectively) identified this protein as an acetyl transferase, an enzyme able to modulate the function of others proteins by acetylation of the amino group of their lysyl residues [35] .
We have previously reported the characterization of the 6 hour-up-regulated spot 2802 [10] . The up-regulation of this spot was confirmed by Western blotting (Supplemental Fig. 4 ). We were able to obtain the entire coding sequence of this protein, showing a high level of similarity to members of the hemerythrin family. Hemerythrins are non-heme-iron oxygen-transport proteins whose oxygen binding properties via two iron atoms have been described thus far [36] . We called this protein neurohemerythrin according to its cellular localization in the leech central nervous system, specifically within glial cells [10] .
Thus far, we have not been able to identify other spots modulated in the course of the experiment either because of an insufficient amount of protein to obtain useful mass spectra or because of the lack of sequencing data concerning leech proteins for comparison. The sequences obtained for these spots are reported in the supplemental data table as well.
Discussion
The goals of this study were (i) to set up optimal conditions before attempting a more focused analysis, and (ii) to provide new data about the intrinsic immune response of a Lophotrochozoan nervous system. From a technical point of view, our 2-DE conditions allowed us to obtained well defined spots on gels. However, most protein spots had a pI between 5 and 7. The gel resolution might thus be improved by using other IEF strips focusing on that pI range. Moreover, 70% of observed changes occurred at short time points (1 and 6 h). It will be interesting, then, to focus future neuroimmune studies of the leech on those time points.
In parallel with defining optimal conditions for further studies, we observed changes in spot representation specifically associated with the bacterial challenge. The analysis of the bacteria-induced changes in the protein profiles of nerve cords showed that aspects of the physiology of the nervous tissue are disturbed during sepsis and that the leech was able to set up an intrinsic neuroimmune reaction in response to the bacterial challenge. In the present work, we identified several protein families involved in this response. The observation that representatives of two types of cytoskeletal filaments are modulated suggests that significant cytoskeletal rearrangements occur in one or several cell type(s) within the leech CNS as soon as after 1 h of immune challenge, and all along the first 24 h. The modulation of a tropomyosin, a protein associated with and regulating the stability of actin microfilaments [30, 37] , suggests that, following the exposure to a septic challenge, microfilaments undergo destabilization or stabilization all along the time course, thus facilitating or inhibiting cytoskeletal rearrangements. Although intermediate filament components are very diversified in their amino acid sequences, most of them are considered as good markers of glial cell proliferation, as GFAP is for vertebrate astrocytes [38] [39] [40] . Gliarin could thus be a new marker of proliferation and maturation of leech glial cells and its upregulation could reflect a glial activation in response to the immune challenge. These rearrangements could be associated with morphological changes (such as neurite regeneration and/or phagocytosis) and the migration of cells. Indeed, it has been shown that leech microglial cells are able to migrate within the ganglionic chain to the site of a lesion and that they could have phagocytic activity that also involves cytoskeletal rearrangements [41] .
The identification of a down-regulated aminoacyl dehydrogenase (spot 1155) suggests a regulation of amino acid metabolism, particularly of excitatory amino acids playing a role as neurotransmitters within the nervous system and hence a regulation in synaptic activity. Moreover, it is well known that, in vertebrate brains, excess of excitatory amino acids leads to an increase of calcium release within neurons and to the phenomenon of excitotoxicity responsible for neuronal death [42, 43] . Interestingly, we also report here the modulation of a protein able to bind calcium during the course of the immune response of the leech nervous system (a neurocalcin-like protein of the NCS family), showing that calcium is probably involved in this response. The physiological role of the neurocalcin is unclear, but this protein was found in the neuropiles of brain and thoracic ganglia in the fruitfly, where most of the synaptic connections are located [44] . This also suggests a potential role for neurocalcin in synaptic activity and particularly in vesicular trafficking, due to its property to bind to cytoskeletal proteins like actin filaments and microtubules [44, 45] . A role as general regulator of G protein-coupled receptor kinase and adenylate and guanylate cyclase pathways for the NCS family has also been described [46, 47] . It will be interesting to further investigate the involvement of these pathways in response to immune challenge in the leech, particularly in regard to the involvement of other NCS, like recoverin, in neurodegenerative diseases [48] . If neurodegeneration does occur within the leech nervous system following septic shock, a candidate for its regulation, along with the NCS protein, could be the increase in ATP production that would follow from the change observed in the b subunit of an ATP synthase (spot 1164). This change could influence apoptosis/necrosis balance and thus inflammation in the nervous tissue [43] . Moreover, up-regulation of the ATP synthase subunit suggests that at least a part of the observed changes require energy, so that the neuroimmune response of the leech nervous system involves active phenomena.
Another mechanism induced by sepsis in the leech nervous system is suggested by the increase in ER stress protein representation (spots 1049 and 2220) on gels after 1 and 6 h of stimulation. Indeed, PDIs and cyclophilins are enzymes of the foldase family involved in the maintenance of the tertiary structure of proteins [49] . These enzymes are known to be involved in the unfolded protein response mounted following ER stress brought about by the accumulation of misfolded proteins [50] . This unfolded protein response regulates the initiation of apoptotic processes and is a critical mechanism for maintaining nervous system functions in low-stress conditions or for inducing cellular death in high-stress conditions [51] . Moreover, a functional link between cyclophilin and calcineurin have been reported [33] . Inhibition of this phosphatase with immunosuppressive drugs prevents nuclear translocation of transcription factors and thus the expression of genes associated with the immune response [52] . Besides cyclophilin, acetyl transferase is also able to modulate gene transcription. Indeed, known targets of acetyl transferase, other than cytoskeletal proteins, are proteins regulating gene expression, either histones or transcription factors [35, 53] . It has been shown that NFkB, a major transcription factor involved in immune responses, could be acetylated and that this acetylation would allow NFkB to remain within the nucleus, resulting in an enhanced activation of immune gene expression [35] . According to these observations, cyclophilin and acetyl transferase might be significant regulators for the activation of genes involved in the leech CNS intrinsic immune response.
Finally, properties of neurohemerythrin have led us to propose several putative functions for this protein in the response of the leech nervous tissue: (i) a role as an oxygen supplier for metabolism, (ii) a role as a trap for reactive oxygen species and NO protecting cells from cell death, and (iii) a role as an antibacterial factor depriving bacteria of iron [10] . The work presented here represents an early step toward a better understanding of the molecular mechanisms subtending the innate immune response of the leech nervous system and, generally speaking, of invertebrate nervous systems. Our results show that the leech CNS is able to respond in an intrinsic manner to a septic stimulus, mounting a neuroimmune response. Careful study of potential roles of the identified proteins will be essential to fully understand the mechanisms involved, but some candidate mechanisms can be proposed on the basis of the proteins identified in this study: (i) cytoskeletal rearrangements potentially responsible for morphological changes, cell migration, vesicular trafficking and/or phagocytosis, (ii) modulation of synaptic activity, (iii) calcium involvement, and (iv) unfolded protein response controlling the functionality of proteins affected by the stress generated by the sepsis. The involvement in innate immunity of some proteins or protein families we identified here has previously been described in insects [54] [55] [56] [57] and annelids [58] by proteomic and transcriptomic studies but at the peripheral level and not within the nervous system (Table 2) . Moreover, the overall protein families we found involved in the immune response of the medicinal leech nervous system are also involved in nerve regeneration, as shown by Blackshaw et al, also in the medicinal leech [59] and by Perlson et al in Lymnaea stagnalis [60] (Table 2 ). These observations suggest (i) a great conservation of mechanisms involved in peripheral and central innate immunity within invertebrates and (ii) that some of the same families of proteins, and perhaps the same mechanisms, might be involved in both innate neuroimmunity and regeneration of the nervous system.
Finally, since at least two of the modulated proteins (neurohemerythrin and gliarin) are specifically expressed in glial cells, these cells may be particularly involved in the immune response of the leech nervous system, as they are in vertebrates. Moreover, it has been shown that microglial cells of the leech are able to migrate within the nervous system after a crush to the site of injury and that they could have phagocytic activity, for which cytoskeletal rearrangements are also required [41, 61] . These observations hint at a possible involvement of glial cells in nervous system immunity, a role we plan to explore in future experiments.
